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THE CLONING AND EXPRESSION OF HISTONE GENES FROM THE ARCHAEAL 
ORGANISMS PYROCOCCUS FURIOSUS AND METHANOBREVIBACTER SMITHII 
IN THE POLYCISTRONIC VECTOR pST44 
 
An Abstract of the Thesis by 
Doha Alqurashi 
 
 
The Euryarcheota branch of the Archaea contains histone proteins that are highly 
homologous to eukaryotic histones.  Virtually all species within this group have two 
histone proteins (designated H1A and H2B).  These proteins contain a canonical histone 
fold motif that stabilizes homo- and perhaps hetero-dimeric interactions.  Molecular 
modeling calculations previously carried out in our laboratory revealed that both homo- 
and hetero-dimers of histones from two euryarchaeal organisms are equally plausible.  
We have also shown through molecular modeling that inter-species hetero-dimers are 
structurally identical to existing solution structures archaeal histones.  An interesting 
question that needs to be addressed is whether homo- and hetero-dimeric species exist in 
the living cell and if they do, whether they are both physiologically functional.  To 
address these questions we cloned the H2A and the H1A genes from Methanobrevibacter 
smithii (MS-H2A) and Pyrococcous furiosus (PF-H1A) in the polycistronic vector, 
pST44.  When cloned individually in the pST44 vector, Escherichia coli BL21 (DE3) 
PLysS transformants were viable while E. coli BL21 (DE3) RIPL were not.  However, 
when both genes were placed in pST44 and expressed simultaneously neither strain 
survived.  Since expression of both genes is under the control of the LacI repressor 
vi 
 
increased protein expression should not be significant enough to account for cell death.  It 
is more reasonable to suggest that hetero-dimer formation has led to the formation of a 
functionally distinct protein that is lethal in insignificant amounts (i.e. in the presence of 
LacR repression as well as PLysS repression).  Furthermore, we successfully expressed 
both genes in the E. coli BL21 (DE3) PLysS.  However, when attempting to purify the 
resulting histones after gene expression, the histones which contained affinity tags failed 
to bind to the corresponding affinity resin.  We propose that this might be due to the 
possibility that the tags which are present on the N-terminus of the proteins are buried in 
a hydrophobic pocket that is formed by the proline-proline tetrad motif which exists in all 
archaeal histones.    
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CHAPTER I 
INTRODUCTION 
 
 
Historical Perspective 
Understanding the kinetics and thermodynamics of protein folding has been a 
subject of intense investigation since Christian Anfinsen first demonstrated that the 
information for protein folding is present in the primary amino acid sequence of proteins 
(1).  The paradigm of folding through random sampling of conformational space could be 
rapidly excluded based upon the predicted slow rate of this process.  Cyrus Levinthal 
pointed out this paradox in 1968 through simple calculations where an amino acid in a 
peptide of a given length was restricted to three different conformations (2).  Levinthal 
calculated that sampling of random conformational space would take longer than the age 
of the universe (3).  Based upon this simple analogy it was obvious that proteins did not 
sample conformation space but quickly collapsed into intermediates that resembled the 
final folded state Without going into an exhaustive discussion of the field of protein 
folding suffice it to say that we have made tremendous strides towards understanding the 
problem primarily at the single polypeptide level that consist of a single structural 
domain (4).  However, many proteins in the cell contain multiple domains and many exist 
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as multi-subunit structures (5).  The formation of quaternary interaction adds a second 
level of complexity to the “protein folding” paradigm (6). 
 
 
Molecular Pathology of Protein Folding and the Recombinant DNA Era 
The significance of protein folding took on a new meaning with the discovery that 
a single amino acid substitution of valine for glutamate in the amino acid sequence of the 
β-globin protein led to sickle cell anemia a disease resulting from alteration in the 
quaternary structure of the hemoglobin molecule (7).  Since this initial discovery the 
molecular basis of numerous diseases has been linked to aberrant protein folding (8).  For 
example many cancers, diabetes, cystic fibrosis, just to mention a few results from 
“protein folding gone wrong“ (9).   
The development of gene cloning in the 1970s offered tremendous hope with 
regard to producing proteins with pharmaceutical, industrial, and scientific research 
applications (10).  However, numerous recombinant proteins fail to fold into the correct 
native structure and as a result they either are proteolytically degraded or exist as partially 
unfolded intermediates that are found as aggregates in the cell (11).  The recombinant 
DNA era also offered the hope of engineering proteins that would have physical and 
chemical properties superior to the native species.  Specifically proteins that are more 
catalytically efficient have been engineered, along with those that have enhanced thermo 
stability (12).  However, the rate limiting step for the implementation of all of these 
initiatives is the ability of the proteins to fold into their native state inside of a host cell or 
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in an in vitro expression system.  Thus, the applications outlined above are limited by the 
ability of the protein to achieve the correct three dimensional shapes (13). 
 
 
A Model System for Exploring Quaternary Interactions 
Our specific interest lies in identifying the structural determinants that stabilize 
homo- versus hetero-dimer formation between orthologous or paralogous proteins where 
the promoter units are structurally similar.  To investigate this aspect of protein folding 
we have turned to the euryarcheota, one of the two groups within the domain Archaea.  
All members of this group have histone-like proteins that are structurally similar to the 
eukaryotic H3 and H4 histones.  Specifically, the euryarcheota have at least two genes 
that encode two very small proteins that have a mean size of 66 amino acids and are 
typically designated as an A or  and B or types.  The crystal structures of both the  
and  types from both mesophilic and thermophilic organisms have been solved and all 
of the proteins consist of a helix- loop- helix- loop- helix structure that matches the 
typical histone fold found in eukaryotic histones as well as a few other proteins.  The 
length of the central helix is as long as one would find outside of fibrous proteins (29 
amino acids), and one can easily surmise that the  or  monomer might be unstable in 
water due to competition for the hydrogen bonds.  Thus, oligomerization may be required 
to stabilize the monomers. (14-17) 
All of these proteins have been characterized as homo-dimers.  However, we 
believe that homo-dimers have only been observed because laboratories only clone either 
 or  in a cell, and due to instability of the monomer, homo-dimerization is 
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thermodynamically forced.  In other words, if both proteins were in the cell at the same 
time we believe that homo- and hetero-dimers would form, though there might be 
differences in their stability.  Evidence for artifactual quaternary structure in the absence 
of all promoters being available has numerous precedence in the literature.  For example 
HU and Hu form hetero-dimers predominantly in E. coli (18).  However, E. coli 
mutants null for the expression of one of the orthologs results in homo-dimer formation 
(19).  In vertebrates the hnRNP C1 and C2 proteins, that result from alternative splicing 
of the same gene form hetero-tetramers with a promoter composition of 3 hnRNP C1 
polypeptides to 1 hnRNP C2 polypeptide in vivo.  However, when hnRNP C1 or hnRNP 
C2 are expressed in E. coli, only homo-tetramers result (20).  More dramatic examples 
that are associated with pathological conditions include thalassemias that result from 
the lack of expression of one of the  subunits of hemoglobin (21) leading to an 
abundance percent of β subunits which lead to the formation of homo-dimeric structures 
to replace the physiologically functional hetero-dimeric structures.   
We have demonstrated the efficacy of hetero-dimer formation through the use of 
protein-protein molecular docking calculations.  The results of these calculations indicate 
that hetero- and homo-dimers are structurally indistinguishable.  And even more 
interesting analysis was obtained when we used molecular docking calculations to look at 
homo- vs. hetero-dimer formation between paralogs which are histones from two 
different organisms, namely the thermophilic archeon M. fervidus, and the mesophilic 
archeon Methanobrevibacter smithii.  The results of those calculations also showed that 
chimeric homo- and hetero-dimers are structurally identical to one another as well as to 
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the actual crystal structure (unpublished data of research conducted previously carried out 
in our laboratory). 
 
Significance 
The molecular modeling results discussed above seem to suggest that homo and 
heterodimer formation between these proteins form randomly.  However, with regard to 
physiological relevance nothing is random.  If one structure was preferred over the other 
it is obvious that either the or  genes would be lost through a lack of evolutionary 
selection pressure.  Thus, it is clear that within the cell there exists either a preference for 
one or the other species or both exist and their concentrations are regulated. 
The essential question that must be answered is what occurs in the cell with 
regard to the state of oligomerization of these proteins.  The significance of this question 
has been amplified in light of recent data that showed that members of the basic leucine 
zipper family of transcription factors, of which many of these are proto-oncogenes, have 
the ability to form homo-dimeric and hetero-dimeric complexes with structural 
homologues, and each species has a different function (22).  For example, the protein 
Max has the ability to form homo-dimers or hetero-dimers with members of the c-Myc 
family (23).  In both cases the DNA binding specificity of both proteins are the same.  
However, the hetero-dimer is a transcriptional activator and the homo-dimer is a 
transcriptional repressor.  Recently, Max was shown to hetero-dimerize with two other 
members of the basic leucine zipper class of transcription factors and the functional 
significance of each has not been assessed. 
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As indicated earlier despite the structural and primary sequence homology 
between both  and orthologs and paralogs all the proteins that have been cloned and 
expressed in E. coli, have been shown to be homo-dimers.  Interestingly, the eukaryotic 
paralogs of these proteins all form hetero-dimeric species.  Since both the A and B 
proteins are highly similar with regard to primary, tertiary, and quaternary structure it 
would be interesting to explore the structural determinants in both proteins that stabilize 
homo-dimeric structure or inhibit hetero-dimeric formation. 
 
 
Research Plan 
All the structures and data on Archaeal histones are based upon homo-dimers.  It 
is clear from our molecular modeling experiments that the hetero-dimer is as 
thermodynamically feasible, and homo-dimers form because of the inherent instability of 
the monomer.  In other words, oligomerization of these proteins is an obligate interaction.  
To determine the actual distribution of homo–versus hetero-dimer formation requires the 
co-expression of the proteins from a cis-recombinant construct in a polycistronic vector, 
and compare that to distribution occurring from trans expression of each monomer on a 
different plasmid.  The vector that we will use to express the MS-H2A and the PF-H1A 
proteins from a polycistronic message was developed by Dr. Song Tan’s laboratory at 
Pennsylvania State University (24).  The plasmid, pST44, contains unique restriction sites 
that facilitate the cloning of up to four different genes each containing a separate 
ribosome binding site (Shine_Dalgarno Sequence) (25) upstream of a start codon.  Each 
of the four “cassettes” contains termination codons.  Transcription of the polycistronic 
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message is driven from a T7 RNA polymerase promoter (26) and transcription is 
terminated by a highly efficient bacteriophage terminator.  The T7 bacteriophage 
promoter is one of the strongest promoters for gene expression, and the polymerase is one 
the most processive enzymes in E. coli.  The use of a T7 promoter ensures that the 
recombinant genes will not be expressed unless there is a source of T7 RNA polymerase.  
This is essential since many DNA binding proteins are lethal when expressed in E. coli.  
As a result, it is undesirable to express genes from promoters that are recognized by E. 
coli’s RNA polymerase.  Therefore, we typically archive our genes initially in E. coli 
strain DH5α and then transfer the plasmids to an expression strain that has the gene for 
T7 RNA polymerase inserted into the E. coli chromosome under the control of the LacI 
repressible promoter.  Since leaky expression from the lac promoter is often lethal, we 
will initially transfer the plasmid into Bl21 DE3 PLysS a strain that in addition to having 
the T7 RNA polymerase gene has an additional plasmid that encodes lysozyme an 
inhibitor of T7RNA polymerase.  In this system extremely lethal genes remain in an off 
state until induced with the allolactose analog IPTG.  Our laboratory has a great deal of 
experience in using T7 based vectors and we already have a number of E. coli BL21 
expression strains that facilitate expression from T7 promoters.  
Initially, to use the pST44 system the genes will be placed in different transfer 
vectors which allow one to choose from a wide array of affinity tags that also have 
epitopes that are recognized by commercially available antibodies.  The transfer vector 
also facilitates directional cloning using a pair of restriction enzymes to facilitate 
insertion of the recombinant sequence in one of the four expression cassettes of pST44.  
Once the different histone genes are placed in their prospective transfer vectors, they will 
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be excised along with the affinity tag sequences and the Shine_Dalgarno Sequence which 
is necessary for gene expression. 
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CHAPTER II 
MATERIAL & METHODES 
 
 
Growth and Maintenance of Bacterial Strains 
 All E. coli strains were grown in LB media (10 g of tryptone, 5 g of NaCl, and 5 g 
of yeast extract per Liter of media) at 37°C.  Cultures were aerated by vigorous shaking 
of the culture at 100 to 200 rpm.  Where needed the media was supplemented with 25 
g/mL of ampicillin.  For the growth of Bl21 (DE3) strains chloramphenicol was added 
to a final concentration of 24g/ml.  Bacterial strains were stored by adding sterile 
glycerol to a final concentration of 20% (vol/vol) followed by storage at -80°C.   
 
 
Plasmid Purification 
 For plasmid isolation, recombinant E. coli cells were grown overnight (ON) as 
previously described.  Plasmid was purified on affinity spin columns purchased from 
Qiagen, and following the manufacturer’s instructions.  Briefly, approximately 5 mL of 
cells were pelleted by centrifugation at 17,000 xg in a blank centrifuge (AccuSpin Micro 
17, Fisher Scientific, 2012).  The media was then discarded and cells were resuspended in 
buffer P1.  After the mixing, the cell suspension was mixed with buffer P2 to lyse the 
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cells and denature the DNA.  The addition of buffer N3 facilitated renaturation of the 
plasmid DNA.  The cell membrane and precipitated chromosomal DNA was removed by 
centrifugation for 10 min at 17,000 xg.  Plasmid DNA was then applied to a Qiagen DNA 
affinity spin column followed by centrifugation for 1 min at 17,000 xg.  The column was 
then washed with 750 L of ethanol (Buffer PE) and was again centrifuged as before.  
After discarding, the excess ethanol the column was spun again to remove residual 
ethanol.  The DNA was detached from the column by adding either 50 L of water or 
elution buffer (10 mMTris, pH 8.3).  Furthermore, the QlAprep® Spin Miniprep Kit 
(250) by Qiagen was used for DNA plasmid purification following. 
 
 
PCR Reactions 
 PCR reactions were carried out on a Gene Amp PCR Systems 2400 thermal 
cycler made by Applied Biosystems.  PCR reactions contained 50µl of 2XTAQ 
mixture (New England BioLabs), 44µl distilled water, template DNA (< 1 g) and 2µl 
each of a gene specific primers tailed with a BamHI site on the 5’ end (sense primer) 
or NgoMIV site on the 5’ end (anti-sense primer).  Primer sequences were based upon 
the DNA sequence of the gene obtained from the National Center of Bioinformatics 
(NCBI).  The thermal cycler was programmed for 30 cycles using the following 
parameters: 95 °C for 30 seconds, followed by DNA annealing at 50 °C for 30 
seconds, and extension at 72 °C for 30 seconds.  PCR reactions on intact cells 
contained the same reagents described above but lacked template.  In whole cell PCR, 
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E. coli colonies were stabbed with a sterile toothpick which was then placed in the 
PCR reaction. 
 
 
Agarose Gel Electrophoresis 
DNA was electrophoretically separated using agarose gels.  Molecular biology 
grade agarose was purchased from Fisher Scientific.  All agarose gels were prepared by 
mixing the appropriate amount of agarose with Tris-Acetate-EDTA (1X TAE buffer) 
(See Appendix).  Gels were cast in an 8 cm x 8 cm gel casting apparatus containing an 8-
well 2 mm x 4 mm comb.  Upon polymerization, the gel was transferred to an 
electrophoresis chamber containing 400mL of 1XTAE buffer with 20µl of ethidium 
bromide (10 mg/mL).  Electrophoreses were carried out at a constant voltage (100V) and 
DNA was visualized using a hand held UV lamp (260 nm) or a UV trans-illuminator (304 
nm). 
 
 
Isolation and Purification of DNA from Agarose Gels 
 All plasmids that were digested with restriction endonucleases were subject to gel 
purification to remove any un-digested plasmid.  Undigested plasmid, a DNA ladder, and 
2 samples of digested plasmid were separated on a 1% wt/vol agarose gel (See 
Appendix).  We have previously shown that DNA exposed to ethidium bromide is 
refractory to further enzymatic activities like ligation; that is why two samples of 
digested DNA are separated.  One sample will be stained and used as a guide to cut out 
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the other sample that will not be subjected to ethidium bromide staining.  After 
electrophoretic separation, the gel was cut in half between the two digested lanes.  The 
half of the gel containing undigested DNA, DNA ladder, and digested plasmid was 
placed in an aqueous solution containing 0.5 µg/mL of ethidium bromide.  After 
confirming that the DNA had been cut, the digested plasmid was removed with a razor 
blade.  The gel was then reconstructed and the un-stained digested DNA was cut out of 
the gel by extrapolation.  The mass of the gel slice was then determined on an analytical 
balance and three times this mass of a proprietary chaotropic salt solution in 0.5 µg/mL 
was then added (QG buffer) and the gel was incubated at 50 °C for 10 min or until the gel 
dissolved (i. e. 300 mL for every 100 µg of gel).  Isopropanol was then added (One times 
the mass of the gel volume in 0.5 µL).  This solution was then applied to a Qiagen 
affinity spin column and the DNA was purified as previously described for other Qiagen 
affinity columns.  The gel purification kit from Qiagen was used for this purification.  
 
 
PCR Purification 
After PCR amplification the DNA was purified using a PCR purification kit from 
Qiagen and following the manufacturer’s instructions.  First of all, the PCR reaction was 
mixed with 5 volumes of PB buffer (the chaotropic salt solution allows the DNA to bind).  
The column was then spun for 60 s at 17,000 xg.  As previously described the DNA was 
then washed with PE buffer followed by elution with 35µL of water or EB buffer.   
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Restriction Endonuclease Digestion of DNA  
 All restriction enzymes were purchased from New England BioLabs (NEB) and 
used according to the manufacturer’s instructions.  Typically, digest contained 1-10 U of 
enzyme (1 U is the amount of enzyme required to digest 1 g of plasmid in 1 hour), in a 
volume that did not exceed 40 L.  The volume of enzyme used did not exceed 1% of the 
final volume.  This was done to prevent the glycerol concentration in the reaction from 
exceeding 5%.  Each restriction enzyme from NEB is supplied with a 10X buffer that is 
diluted in the reaction to a final concentration of 1X.  Restriction digestion was carried 
out in a 37 °C water bath for at least 1 hour.   
 
 
Ligation 
DNA ligase was purchased from Fisher Scientific.  Ligation reactions contained 
2µL of 10X ligase buffer (10X buffer for T4 DNA ligase), 2µl of the digested vector, 7µl 
of digested PCR product, and 2 U of T4DNA ligase (One unit is defined as the amount of 
enzyme required to give 50% ligation of HindIII fragments of λ DNA [5´ DNA termini 
concentration of 0.12 µM, 300- µg/ml] in a total reaction volume of 20 μl in 1 hour at 
room temperature in 1X T4 DNA Ligase Reaction Buffer).  A negative ligation control 
containing only 2µl of digested vector, 15µl of dH2O, 2µL of 10X ligase buffer, and 2U 
of T4DNA ligase was also performed. 
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Preparation of Competent E .coli and Transformation 
An ON culture of E. coli was prepared in SOB media (See Appendix).  1 mL of 
the ON culture was then used to inoculate 50 mL of SOB and the culture was grown to an 
optical density measured at 550 nm of 0.45-0.55.  The culture was then placed on ice for 
15 minutes.  Prior to centrifugation the volume of culture was recorded.  Each 2.5 mL of 
cell culture corresponds to a single transformation reaction.  Cells were then pelleted by 
centrifugation at 4000 rpm in a Sorvall RT7 for 10-15 minutes.  After discarding the 
supernatant, cells were resuspended in 1 mL of TFB (See Appendix) for each 
transformation reaction followed by incubation on ice for 10 minutes.  Cells were then 
recovered by centrifugation for 15 minutes as described earlier.  The cell pellet was then 
resuspended in 200 L of TFB for each transformation reaction.  DMSO was then added 
to the cell suspension (7L/transformation) and the cells were placed back on ice.  After 
5 minutes. -mercaptoethanol (in 10 mM K-Mes) was added (7L/transformation).  After 
10 minutes the identical volume of DMSO was then added and cells were kept on ice for 
up to 48 hours.  For immediate use 210 L of competent cells were added to pre-chilled 
sterile 15 mL conical tubes.  DNA was then added to the cells and the mixture was 
incubated on ice for at least 30 minutes.  The cell suspension was then placed in a 42 °C 
water bath for 90 seconds followed by placing on ice for 2 minutes.  Cells were then 
transferred to room temperature and 800 L of SOC (See Appendix) was added to each 
tube.  Cells were incubated at 37° C for 1 hour to allow expression of the antibiotic 
resistance gene.  After 1 hour cells were pelleted by centrifugation for 5 minutes at 4000 
rpm.  The media was then discarded and cells were resuspended in 200 L of SOC.  Cells 
were then plated on media containing the appropriate antibiotics (See Appendix). 
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Whole Cell PCR Reaction 
 A single colony from PF/PSt44-DH5α and MSM-H2A/D2-DH5α plate was 
placed in eppendorf tube that contain 1µl T7 reverse primer, 1µl STO720 forward primer, 
2µl 2X master mix TAQ, and 16µl distilled water (total of 20µl).  PCR was conducted 
using the protocol described previously.  The PCR product was analyzed on a 2% agarose 
gel (See Appendix). 
 
 
Gene Expression 
For protein expression recombinant plasmids were transferred to E. coli BL21-
CodonPlus® (DE3)-RIPL cells or E. coli BL21 (DE3)-PLysS.  ON cultures of these 
strains were then used to inoculate larger cultures.  These cultures were grown to an 
optical density measured at 600 nm of 0.8 by using a Bausch & Lomb Spectronic 20.  
Before inducing gene expression with isopropyl-β-D-thio-galactoside (IPTG), a 1.5 mL 
sample of the culture was removed and the cells were pelleted by centrifugation at 17000 
xg for 1 minute.  The culture was then induced by adding IPTG to a final concentration of 
0.1 mM  To optimize for gene expression,   1.5 mL aliquates of the post-induced cultures 
were collected every half hour interval for a total of 2 hour incubation period.  The cells 
were pelleted by centrifugation and subsequently suspended in 1X SDS-PAGE loading 
dye by vortexing vigorously.  The solutions were then placed in a boiling water bath for 5 
minutes.  The samples were applied on a 15% SDS-polyacrylamide gel to test for gene 
expression.  The remaining cultures were harvested by centrifugation at 4000 rpm until 
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the supernatant was clear.  The media was then removed and cells were stored at -80 °C 
until protein extraction.   
 
 
SDS-Polyacrylamide Gel Electrophoresis 
Protein samples were fractionated on a 15% discontinuous SDS-PAGE gel using 
the Laemmli method (27).  Then a little amount of 500 ml culture cell pellet was 
resuspended with 1 mL of B-PER (Thermo scientific) and adds 2µl of lysozyme solution 
to lyse the cells.  In addition, the cell was incubated on ice for ½ hour or until mixture 
become egg white like consistency. 1µl of DNAse was added and then incubated it for ½ 
hour or until it’s become water like consistency.  Centrifuging it at 15,000×g for 5 
minutes, then split the pellet and the supernatant in two eppendorf tubes.  80µl of the 
supernatant was taken and added to it 20µl of 4X loading buffer, and 500µl of 1X loading 
buffer to the pellet followed by boiling for 5-10 minutes prior to being analyzed on the 
15%SDS-PAGE gels to insure complete protein denaturation.  The SDS-PAGE gels were 
prepared according to the protocol outlined in (See Appendix).  The samples were 
electrophoresed at voltage of 100 V. Protein bands were visualized using coomassie blue 
stain (See Appendix). 
 
 
Protein Purification of PF-H1A (His-bind Resin) 
A cell pellet containing His-tag-PF-H1A obtained from 25 mL-culture was 
suspended in 1 mL of His-bind 1x-binding buffer (See Appendix).  1µl of DNAse 
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(indicate concentration) was then added to the mixture and allowed to incubate while 
agitating on ice for ½ hour or until the mixture gains water like consistency.  Clear lysate 
was collected by centrifuging the crude extract at 3000rpm for ½ hour or until the 
supernatant became clear.  The supernatant was then mixed with ½ ml of His-bind resin 
(50 % slurry) and incubated while agitating on ice for 1 hour. The supernatant / His-bind 
resin slurry was then packed by gravity into the column provided in the His-Bind Kit 
(Novagen).  The packed resin was carefully washed with 3mL of 1X binding buffer 
containing 1 µL/mL of triton (See Appendix).  The resin was then washed with 3ml of 
1X washing buffer (See Appendix).  Finally the protein was eluted from the column with 
6×0.5ml volumes of 1X elution buffer (See Appendix).  750 µl aliquots of the flow 
through, the washing, and the elution samples were mixed with 250 µl of 4X SDS-PAGE 
loading dye (See Appendix) for analysis on SDS-PAGE.    
 
 
Protein Purification of CBP tag-MS-H2A 
A cell pellet containing CBP tagged-MS-H2A histone obtained from 25 mL-
culture was suspended in 1 mL of CBP-binding buffer (See Appendix).  The supernatant 
was obtained in identical manner to that described in the previous section.  The 
supernatant was mixed with 1 mL of 50% suspension of CBP-resin and incubated with 
shaking on ice for 1 hour.  The supernatant/resin suspension was then poured into a small 
column and allowed to pack by gravity.  The flow through was kept for further analysis.  
The resin was then washed with 3ml aliquots of two CBP-washing buffers containing 
different concentrations of Ca
2+ 
(See Appendix).  The protein was then eluted from the 
column with 3 volumes of CBP-elution buffer (See Appendix).  750 µl aliquots of the 
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flow through, the washing 1, washing 2 and the elution samples were mixed with 250 µl 
of 4X SDS-PAGE loading dye for analysis on SDS-PAGE.    
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CHAPTER III 
RESULTS 
 
 
Cloning of the Histone Genes into pST50Trc3-CBPDHFR (D2) 
 The MS-H2A gene was first cloned into transfer vector 3 (pST50Trc3-
CBPDHFR) of the polycistronic vector suite between the BamHI and NgoMIV 
restriction sites.  In addition to providing the Shine-Dalgarno sequence for translational 
initiation signals and translational enhancers, this vector introduces a calmodulin 
binding protein tag to the MS-H2A gene which will be used in the purification of the 
recombinant protein.  This tag consists of a 28 amino acid peptide that is added to the 
N-terminus of the recombinant protein increasing its molecular weight by 3.2 kDa.   
 
 
Primer Design 
The forward and reverse primers needed for the sub-cloning of the MS-H2A gene 
in the pST50Trc3-CBPDHFR vector were designed based on the MS-H2A gene sequence 
shown in figure 1.  The forward primer contains the first 18 nucleotides of the 5’ end of 
the sense strand.  Also included in the sequence is the recognition site of BamHI 
restriction enzyme (GGATCC).  In addition, the sequence, AAATAAA is added to the 5’ 
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end of the forward primer to prevent mispriming of the primer to unintended sequences in 
the gene.  The reverse primer contains 18 nucleotides that are complementary to the 3’-
end of the sense strand.  In addition, the sequence for the recognition site of NgoMIV is 
included (GCCGGC), along with the sequence, AAATAAA to prevent mispriming.  
These primer sequences are shown in Table I.  
 
5’- 
ATGTCTGAAATACCAAAAGCTCCTATCGCAAGGATTATTAAAGATACTGGTGCTGAAAGAGTTAGTGAAG 
ATGCTAAAGCTGAATTAGCTGAATATCTTGAAGAAGTAGCTCGTGACGTTGCAATTGAAGCAAACAATGT 
TGCTAAAATCGCTAAACGTAAAACTATCAAACCAGAAGATATTAAATTAGCTATTAAAAATTTAGAATAG-
3’ 
 
Figure 1: The sequence of the MS-H2A gene (the sense strand with the start and 
stop codons shown in green and red, respectively) 
 
 
Table I:  The Forward and reverse primers for the cloning of MS-H2A in 
pST50Trc3-CBPDHFR 
Primer Sequence 
Forward Primer 
(MS-H1A-F-BamHI) 
 
5’-AAATAAAGGATCCATGTCTGAAATACCAAAA-
3’ 
Reverse Primer 
(MS-H1A-R-
NgoMIV) 
 
5’-AAATAAAGCCGGCCTATTCTAAATTTTTAATA-
3’ 
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PCR Amplification 
 The MS-H2A gene contains 207 nucleotides.  After purification of the PCR 
product using the protocol outlined in materials and methods, we analyzed the product of 
the PCR amplification reaction on a 2% agarose gel which is shown in lane 3 of Figure 2.  
Also shown in lane 1 of figure 2 are bands that represent standards of DNA molecules of 
known sizes with the number of kilobases for each band shown on the left hand side of 
the figure.  The agarose gel functions as a molecular sieve and is able to separate DNA 
molecules based on size with smaller molecules moving faster and farther than larger 
ones.  However, this technique can be effectively used to determine the molecular size 
only for linear, double-stranded DNA which migrates through the gel matrix at a rate that 
is inversely proportional to the log10 of the number of base pairs.  Based on this, we can 
estimate the size of the PCR product to be between 100 and 200 bp, which agrees with 
the MS-H2A gene sequence that we amplified. 
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Figure 2: A 2% agarose gelto assess the success of the PCR amplification 
procedure.  Lane 1 shows bands of the DNA molecular weight marker (TriDye 2-
log DNA ladder 0.1-10.0 kb). In addition, lane 3 shows the product of 
amplification of the MS-H2A gene.   
 
 
Plasmid Purification 
To propagate a DNA sequence or gene in E. coli requires that we link the gene to 
a replicon.  A replicon is a DNA molecule that contains an origin of replication (ori), a 
DNA sequence that is necessary to initiate DNA replication.  The replicons used 
extensively for cloning in E. coli are plasmids, circular DNA molecules that contain 
origins of replication as well as selectable markers that allow one to identify recombinant 
E. coli from non-recombinant organisms.  Another useful feature to look for when 
choosing a cloning vector is the presence of an affinity tag that can be used to select for 
the recombinant gene.  The cloning vector used here is pST50Trc3-CBPDHFR (D2), a 
transfer vector that contains a promoter, translational initiation signals as well as 
transcriptional termination sites which will ultimately be transferred to the third coding 
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region in the polycistronic vector, pST44.  Figure 3a shows a general map for the third 
transfer vector.  As indicated in this map this transfer vector contains an ampicillin 
resistant gene (Amp
R
) and an ori site (not shown).  The region highlighted in yellow 
represents the cloning region.  The region labeled N represents the N-terminus affinity 
tag which in the case of D2 corresponds to the CBP fragment.  The MS-H2A gene is 
cloned directly after this fragment between the BamHI and NgoMIV restriction sites.  A 
detailed sequence of this region showing these restriction sites is shown in Figure 3b.   
The D2 vector was purified according to the procedure described in the materials 
and methods.  To assess the purity and presence of this vector, we applied a small aliquot 
of the purified solution on a 1% agarose gel.  The results obtained are shown in Figure 4.  
Lane 1 in this figure represents the TriDye 2-log DNA ladder described previously.  And 
lane 2 represents the band that corresponds to the purified D2 transfer vector.  As can be 
seen in this figure the D2 band lies between the 3 kilobase and the 2kilobase marker 
bands, with the D2 band appears closer to the 2 kilobase band.  Although, the actual size 
of the D2 transfer vector is 2.8 kilobases, its band appears to run closer to the 2 kilobase 
marker band than to the 3 kilobase band.  This is due to the fact that circular DNA 
migrates faster through the agarose gel matrix than linear DNA with the same size.   
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Figure 3: The map of transfer vector, D2.  Panel (a) is the complete map showing the 
positions of the cloning region (yellow), and the amp
R
 site.  Panel (b) is the detailed 
sequence of the cloning region showing the BamHI and NgoMIV restriction sites. 
 
 
 
 
Figure 4: A 1% agarose gel showing the migration of the D2 vector through the 
agarose gel matrix (lane 2), where lane 1 represents the migrations of the DNA 
fragments of the TriDye 2-log DNA ladder. 
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Restriction Enzyme Digestion 
 The next step in the cloning process is to digest the MS-H2A gene and the D2 
vector using the restriction enzymes BamHI and NgoMIV.  Both of these enzymes 
produce overhangs in the DNA sequences of the gene and the vector (sticky ends) which 
makes the ligation of the digested MS-H2A gene to the digested D2 vector more efficient 
than blunt end ligation.  Figure 5 is a 1% agarose gel which shows the product of the D2 
digestion.  Lanes 1 and 2 represent the TriDye DNA ladder and the undigested D2 vector 
described in figure 4.  After the digestion, D2 is linearized and it should migrate through 
the agarose matrix at the predicted rate for its molecular size as seen in lane 3 of figure 5.  
A faint band close to 0.5 kilobases is also seen in lane 3.  This band corresponds to the 
fragment that results from the digestion of D2 with BamHI and NgoMIV restriction 
enzymes (486 bp).   
 Careful examination of lane 3 revealed the presence of a faint band just below the 
band that represents the digested D2 plasmid.  This faint band has the same migration 
pattern as the undigested D2 plasmid (see lane 2).  In order to isolate the digested from 
the undigested D2, we excised the digested band taking care not to contaminate it with 
the undigested species.  DNA was eluted from the excised gel segment according to the 
procedure outlined in the Materials and Methods section, “Isolation and Purification of 
DNA from Agarose Gels”.  The purification of the digested PCR product was simply 
performed by following the procedure outlined in PCR Purification section in Materials 
and Methods.   
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Figure 5: A 1 % agarose gel assessing the degree of digestion of the D2 plasmid.  
Lane 1 is the TriDye 2-log DNA ladder 0.1-10.0 kb.  Lane 2 is a sample of the 
undigested D2 plasmid.  Lane 3 is a sample of the restriction enzymes digested D2 
plasmid.  
 
 
Ligation and Transformation 
The digested and PCR purified MS-H2A gene was ligated to the digested and gel 
purified D2 plasmid using T4-DNA ligase according to the protocol outlined in Materials 
and Methods.  To test for the efficiency of restriction enzyme digestion, we also carried 
out a ligation reaction that contains the digested plasmid without the digested MS-H2A 
gene.  If one or both restriction enzymes were not 100% efficient, the ligation reaction 
would then lead to the formation of a circular plasmid which is more efficiently taken up 
by E. coli than linear plasmid.  The latter ligation mixture was used as a negative control.  
We also tested for transformation efficiency of the E. coli cells by carrying out a separate 
transformation reaction using undigested D2 (positive control).  The products of the 
ligation reaction of the MS-H2A gene to the digested plasmid and the controls were then 
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used to transform the DH5E. coli strain.  The transformation mixtures were then 
applied to Agar plates that select for ampicillin resistance.  Figure 6 shows the results of 
these transformation reactions.  As can be seen in panel A, high transformation efficiency 
was obtained indicating that the E. coli cells used in this reaction are highly competent.  
Furthermore, the absence of colonies on the negative control plate shown in panel B 
indicates that D2 was efficiently digested leading to no transformants.  Therefore the 
results shown in panel C indicates that it is highly likely that the colonies present on that 
plate represent E. coli cells that contain a recombinant MS-H2A gene.   
Tentatively, clones were first screened by whole cell PCR using the protocol 
outlined in Materials and Methods.  The primers used in the whole cell PCR reactions are 
the T7 and STO720 primers (see table II).  The sequences of these primers are present on 
the D2 plasmid whether or not the MS-H2A gene has been incorporated (see figure 3).  
However, if whole cell PCR is performed on a colony from the positive control plate 
which contains only undigested D2 a 761 bp fragment will be produced.  Whereas a 
whole cell PCR reaction on an E. coli colony containing MS-H2A/ D2 will result in a 475 
bp fragment.  To more concretely confirm the presence of a clone, we need to excite the 
gene by digesting with two restriction enzymes that border the gene sequence.  Digesting 
with SacI and KpnI will result in a 344 bp fragment in the presence of the MS-H2A gene 
or a 630 bp fragment in the absence of the MS-H2A gene.  Figure 7 is a 2% agarose gel 
that shows the results of the SacI and KpnI digestion of a plasmid purified from the 
colony that gave the tentatively positive whole cell PCR result (lane 2).  Based on the 
standard molecular weight markers (lane 1) the band found in lane 2 (between 300 and 
400 bp) supports the presence of the MS-H2A gene in D2.   
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Table II: The T7 and STO720 primer sequences used in the whole cell PCR 
reactions 
Primers Sequences 
T7 primer TAATACGACTCACTATAGGG 
STO720 GCTAGTTATTGCTCAGCGG 
 
 
 
 
Figure 6: Ampicillin selective agar plates to test for the success of the cloning of the 
MS-H2A gene in D2.  Panels A and B represent the transformation results of the 
positive and negative controls, respectively.  Panel C represents the transformation 
result of the MS-H2A gene/D2 ligation. 
 
B A 
C 
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Figure 7: A 2% agarose gel that outlines the results of the SacI and KpnI digestion 
of the D2 plasmid containing the MS-H2A gene.  This plasmid was purified from a 
colony that gave a positive whole cell PCR result (lane 2).  Lane 1 is the TriDye 2-log 
DNA ladder 0.1-10.0 kb. 
 
 
Sub-cloning of the MS-H2A Gene in pST44 Containing a Histone Gene from 
Pyrococcous furiosus and in pST44. 
The ultimate objective of this project is to introduce multiple histone genes 
from the same archaeal organism as well as from different organisms in the pST44 
polycistronic vector system in order to investigate whether these histones form hetero- 
or homo-dimers.  A schematic diagram of the pST44 plasmid is shown in figure 8.  
Panel A shows the pST44 in the absence of a cloned gene whereas panel B shows 
pST44 containing the pyrococcous furiosus histone H1A (PF-H1A) in cassette 1 (PF-
H1A/pST44).  This clone was previously generated in our laboratory (28).  The next 
step would then be to introduce the MS-H2A gene to cassette 3 of PF-H1A/pST44.   
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Figure 8: A schematic diagram of the polycistronic vector, pST44 adapted from 
(24).  Panel A shows the pST44 in the absence of a cloned gene whereas panel B 
shows pST44 containing the pyrococcous furiosus histone H1A (PF-H1A) in 
cassette 1 (PF-H1A/pST44).   
 
 
To carry out this sub-cloning step, we purified the MS-H2A/D2 plasmid from a 
DH5α colony that gave a positive clone (see previous section).  The MS-H2A gene 
was excised out of this plasmid using the restriction enzymes specific for cassette 3 on 
the pST44 vector which are SacI and KpnI (see figure 8).  The excised MS-H2A 
fragment (344 bp shown in lane 2 of figure 7) was purified from the digested mixture 
on a 2% agarose gel as previously described in the Materials and Methods.  The pST44 
plasmid that contains the PF-H1A gene (PF-H1A/pST44) was also digested with SacI 
and KpnI restriction enzymes.  Figure 9 shows the results of this digestion.  Lane 2 
shows the undigested PF-H1A/pST44 (the band between 2 and 3 kilo bases).  The 
migration pattern observed here agrees with what was discussed earlier regarding 
circular plasmid.  A less intense band at a molecular size between 3 and 4 kilobases is 
also observed in this lane.  This band appears to have the migration pattern expected 
for a linearized PF-H1H/pST44.  Although the sample applied in this lane is assumed 
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to be undigested, we sometimes observe bands reflecting linear plasmid migration 
patterns.  We believe that when performing plasmid purification we obtain a certain 
population of linearized vectors.  Lane 3 shows the band resulting from the digestion 
with SacI and KpnI.  Here we see a predicted migration consistent with a DNA 
fragment slightly above 3000 bp which is the size of pST44 containing the PF-H1A 
gene.  The digested PF-H1A/pST44 was gel eluted on a 1% agarose gel to purify it 
from possible undigested plasmid.  The gel eluted MS-H2A was then ligated to the gel 
eluted PF-H1A/pST44 plasmid as previously described.  The ligation mixture was then 
transformed into DH5α.  The transformation reactions were applied to ampicillin 
selective Agar plates.  The results are shown in figure10.  The plate in panel (a) of 
figure10 shows the transformation reaction of undigested PF-H1A/pST44.  This 
reaction is used as a positive control which should result in a large number of colonies 
indicating high level of transformation efficiency of the DH5α.  On the other hand, the 
plate in panel (b) shows the transformation reaction of a sample of digested PF-
H1A/pST44 (negative control), where no colonies were observed indicating that the 
plasmid was completely digested.  Panel (c) represents the transformation reaction of 
the plasmid that resulted from ligating the digested PF-H1A/pST44 with the digested 
MS-H2A (clone plate).  The large number of colonies observed in comparison to the 
negative control implies the likelihood that we have successfully cloned the MS-H2A 
gene in cassette 3 of PF-H1A/pST44 (PF-MS/pST44).   
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Figure 9: A 1% agarose gel showing the digestion of PF-H1A/pST44.  Lane 1 
represents the TriDye 2-log DNA molecular size ladder.  Lane 2 is the undigested 
PF-H1A/pST44.  Lane 3 is the PF-H1A/pST44 digested with SacI and KpnI 
restriction enzymes. 
 
 
 
 
 
 
 
 
 
 
Figure 10: Ampicillin Selective agar plates to test for the success of the cloning of 
the MS-H2A gene in PF-H1A/pST44.  Panels a and b represent the 
transformation results of the positive and negative controls, respectively.  Panel c 
represents the transformation of the MS-H2A gene in PF-H1A/pST44.   
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To confirm the success of the cloning process we carried out whole-cell PCR 
on a number of colonies from the clone plate described above.  Whole-cell PCR was 
conducted using the T7 and STO720 primers as discussed before.  If the E. coli colony 
used to carry out the whole-cell PCR procedure contains both the PF-H1A and the MS-
H2A genes we should expect the PCR reaction to produce a 930 bp DNA fragment.  
However, if the plasmid only contains the PF-H1A gene then PCR will produce a 586 
bp DNA fragment.  Figure 11 is a 2% agarose gel that shows the results of this 
experiment where lanes3 and 6 show the results of the whole cell PCR conducted on 
two colonies from the clone plate.  Upon comparison of the band obtained from the 
PCR reaction using the standard molecular size DNA marker (lane 1) we conclude that 
the fragment size is between 900-1000 bp which is consistent with the presence of the 
MS-H2A gene along with the PF-H1A gene in pST44.  To check the efficacy of whole 
cell PCR as a screening method, we also conducted the procedure by picking several 
regions on the cloning plate which are devoid of colonies.  Due to the sensitivity of 
PCR, if those regions contain the ligation solution that was used for transformation 
then there is a high probability that the bands we discussed previously could be 
resulting from pST44 in the ligation solution.  The results of those PCR reactions are 
shown in lanes 2, 4, and 5.  The absence of any DNA bands in those lanes confirms 
that the PCR products found in lanes 3 and 6 are due to cloned pST44.  Further 
validation of the whole cell PCR was also obtained by carrying out the procedure on a 
colony from the positive control that contains pST44 void of any cloned genes (Panel a 
of figure 10).  There we expected a PCR fragment of 244 bp, which is exactly what we 
see from the product found in lane 7.   
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Further confirmation of the success of the cloning of the MS-H2A gene in the 
PF-H1A/pST44 plasmid is to enzymatically digest plasmid purified from several 
colonies (5 colonies) that grew on the clone plate (Panel C) Figure 10.  The restriction 
enzymes used here are SacI and KpnI (cassette 3 restriction enzymes).  We also 
digested the plasmid from the same colonies using XbaI and BglII (cassette 1 
restriction enzymes) to check for the presence of the PF-H1A gene.  The digestions 
were carried out as previously outlined in the Materials and Methods.  As discussed in 
the Ligation and Transformation section, in both cases we should obtain a 344 bp 
fragment.  The digestion products were analyzed on a 2% agarose gel.  Figure 12 
shows the results of these digestion reactions.  Panels A and B correspond to the 
digestion with SacI and KpnI, and with XbaI and BglII, respectively.  The SacI and 
KpnI digestion reactions were loaded in lanes 2-6 of Panel A.  The presence of a small 
band at 300-400 bp in lanes 2-4 and 6 indicate that the corresponding plasmids contain 
the MS-H2A gene.  Whereas, the absence of this fragment from lane 5 indicates that 
the PF-H1A/pST44 plasmid does not contain the MS-H2A gene.  The larger fragment 
obtained in each of those lanes represents the expected linear pST44.  The results of 
XbaI and BglII digestion are shown in Panel B of figure 12.  As we expected, a band 
that corresponds to the PF-H1A gene is found at 300-400 bp is shown lanes 2 and 4-6.  
The absence of this band in lane 3 maybe due to the fact that the plasmid used in that 
digestion is very dilute as you can see from the faint band at about 3000 bp which 
corresponds to linear pST44. 
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Figure 11: A 2% agarose gel demonstrating the results of whole cell PCR 
reactions to test the success of the cloning of MS-H2A in pST44 containing the 
PF-H1A gene.  Lane 1 represents the TriDye 2-log DNA molecular size ladder. 
Lanes 2, 4 and 5 represent mock whole cell PCR reactions carried out on plate 
positions devoid of colonies (Figure 10, panel c).  Lanes 3 and 6 represent whole 
cell PCR reactions carried out on two colonies from the cloning plate (Figure 10, 
panel c.), whereas Lane 7 represents whole cell PCR on a colony taken from a 
plate containing pST44 devoid of clones (Figure 10, panel a). 
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Figure 12: A 2% agarose gels demonstrating the results of enzymatic digestion of 
pST44 extracted from colonies presumed to contain the MS-H2A gene in cassette 
3 and the PF-H1A gene in cassette 1.  Panels A and B show the results of the 
digestions of the plasmid using cassette 1(SacI and KpnI) and cassette 3 (XbaI 
and BglII) restriction enzymes, respectively.  Lane 1 in each panel represents the 
TriDye 2-log DNA molecular size ladder.  Lanes 2-6 represent the results of the 
restriction digestions of plasmids extracted from 5 positive colonies.  In both 
panels the band at ~ 3.0 kilobases is that of the linear pST44 resulting from the 
digestion, whereas the faint bands at ~0.3 kilobases represent the MS-H2A gene 
(panel A) and the PF-H1A gene (panel B).   
 
 
Sub-cloning the MS-H2A Gene in Cassette 3 of pST44. 
 We also cloned the MS-H2A gene in cassette 3 of pST44 plasmid devoid of the 
PF-H1A gene in order to compare the effect of the presence of multiple genes in 
pST44 on levels of gene expression.  Using the exact method discussed in the previous 
section, we sub-cloned the MS-H2A gene in cassette 3 of pST44 and transformed the 
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recombinant plasmid (MS-H2A/pST44) in DH5.  The results of the transformation 
are shown in Figure 13 where panels A and B are transformations of the undigested 
pST44 (positive control) and the digested pSt44 (negative control) in 
DH5respectively.  Panel C shows the transformation result of the MS-H2A/pST44 
plasmid in DH5α (clone plate).  Again, high transformation efficiency of the cells is 
apparent from the high density of colonies observed in the positive control plate.  The 
lack of colonies on the negative control along with the large number of colonies on the 
clone plate implies that there is a high probability that those colonies contain the 
recombinant MS-H2A/pST44 plasmid.  We screened some of the colonies on the clone 
plate for the presence of the MS-H2A gene using whole cell PCR as described in the 
previous section.  If the colony tested contains the recombinant MS-H2A/pST44 then 
we should see PCR fragment of ~344 bp Figure 14 is a 2% agarose gel illustrating the 
results obtained from screening two colonies from the clone plate.  As seen in lanes 2-
6, a band between 500-600 bp is observed, which confirms the presence of the MS-
H2A gene.  Lane 7 in this gel represents the product obtained for whole cell PCR 
carried out on cells containing pST44 (as discussed in figure 11).   
To more conclusively confirm the presence of the MS-H2A gene, restriction 
digestions using the same method outlined in the previous section using SacI and KpnI 
were carried out.  The digestion products were examined on a 2% agarose gel which 
showed a band between 300-400 bp confirming the presence of the MS-H2A gene 
(data not shown).   
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Figure 13: Ampicillin Selective agar plates showing transformation results of the 
MS-H2A/pST44 clone in DH5α.  Panels A and B represent the transformation 
results of the positive and negative controls, respectively.  Panel C represents the 
transformation of the MS-H2A gene in pST44.   
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Figure 14: A 2% agarose gel demonstrating the results of whole cell PCR 
reactions to test the success of the cloning of MS-H2A in pST44.  Lane 1 
represents the TriDye 2-log DNA molecular size ladder. Lanes 2- 6 represent 
whole cell PCR reactions carried out on colonies from the cloning plate (Figure 
13, panel c.), whereas Lane 7 represents whole cell PCR on a colony taken from a 
plate containing pST44 devoid of clones (Figure 13, panel A). 
 
 
Transformation of PF-MS/pST44 in E. Coli BL21-CodonPlus® (DE3)-RIPL Cells 
and E. coli BL21 (DE3)-PLysS 
So far we have cloned the MS-H1A gene along with the PF-H1A gene in the 
polycistronic vector pST44 in DH5α, an E. coli strain that lacks the ability to express 
recombinant genes.  To carry out gene expression we then must transform the 
recombinant pST44 which contains both the MS-H2A and the PF-H1A genes in an 
expression E. coli strain.  Two strains that we commonly use in our laboratory are E. 
coli BL21-CodonPlus® (DE3)-RIPL cells which is used for high level of protein 
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expression and E. coli BL21 (DE3)-PlysS that is specifically designed for the 
expression of lethal genes.  Specifically, E. coliBL21 (DE3)-PLysS contains the PLysS 
plasmid that encodes for lysozyme which inhibits T7 polymerase therefore, eliminating 
leaky expression.  PlysS plasmid also contains a chloramphenicol resistant gene a 
feature that can use for screening for E. coli BL21 (DE3)-PLysS.  The E. coli BL21-
CodonPlus® (DE3)-RIPL cells contain apACYC-like plasmid which encodes for 
arginine, isoleucine, proline and leucine codons that are rarely found in E. coli thus 
enhancing the expression of genes that contain such codons.  This plasmid also 
encodes for the chloramphenicol gene.   
We extracted the PF-MS/pST44 plasmid from frozen DH5 culture containing 
the recombinant plasmid.  The plasmid was then transformed into both of the cells type 
mentioned above as previously discussed in the Materials and Methods.  The 
transformation mixtures were plated on Agar plates that contain both ampicillin and 
Chloramphenicol.  Figure 15 depicts agar plates that show the results of this 
transformation experiment.  In this figure, the transformation results of E. coli BL21 
(DE3)-PLysS and E. coli BL21-CodonPlus® (DE3)-RIPL with pST44 plasmid lacking 
either gene are shown in panels A and B, respectively.  The large number of 
transformants seen in these plates indicates that these cells contain high levels of 
transformation efficiency.  Panels C and D show the results of the transformation of 
the E. coli BL21 (DE3)-PLysS and E. coli BL21-CodonPlus® (DE3)-RIPL cells with 
the PF-MS/pST44 plasmid, respectively.  No colonies were observed on either of those 
two plates indicating that these two genes (MS-H2A and PF-H1A) are lethal to both E. 
coli BL21 (DE3)-PLysS and E. coli BL21-CodonPlus® (DE3)-RIPL cells.  
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Figure 15: Ampicillin/chloramphenicol selective agar plates showing the results of 
transforming the PF-MS/pST44 in the E. colistrainsBL21 (DE3)-PLysS and E. 
coli BL21-CodonPlus® (DE3)-RIPL.  Panels A and B represent the 
transformation results of the positive controls in BL21 (DE3)-PLysS and E. coli 
BL21-CodonPlus® (DE3)-RIPL, respectively.  Panels C and D represent the 
transformation results of the PF-MS/pST44 clone in BL21 (DE3)-PLysS and E. 
coli BL21-CodonPlus® (DE3)-RIPL, respectively.   
 
 
Transformation of MS-H2A/pST44 in E. Coli BL21-CodonPlus® (DE3)-RIPL 
cells and E. coli BL21 (DE3)-PLysS 
 To address the question of whether the lethality observed above is due to both 
genes present in the same plasmid or are the individual genes equally lethal for the E. 
coli cells used, we transformed the MS-H2A/pST44 plasmid (extracted from frozen 
cells that tested positive for the recombinant plasmid) into E. coli BL21 (DE3)-PLysS 
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and E. coli BL21-CodonPlus® (DE3)-RIPL cells.  The transformation reactions we 
screened on agar plates containing ampicillin and chloramphenicol.  We also tested for 
the transformation efficiency of the E. coli cells as described in the previous section.  
High transformation efficiency was observed (positive control) (results not shown).  
Similarly we tested for the efficiency of the restriction digestion (negative control) and 
no colonies were observed (results not shown).  The results of the transformation of the 
recombinant MS-H2A/pST44 plasmid in both E. coli cells are shown in figure 16, 
where panels A and B show the transformation of MS-H2A/pST44 in E. coli BL21 
(DE3)-PLysS and E. coli BL21-CodonPlus® (DE3)-RIPL cells, respectively.  Unlike 
the results observed for the double recombinant PF-MS/pST44 plasmid (see figure 15 
above), the single recombinant MS-H1A/pST44 produced several E. coli BL21 (DE3)-
PlysS transformants (figure 16, panel A).  However, no transformants were obtained 
when using E. coli BL21-CodonPlus® (DE3)-RIPL cells.  These results are expected 
for moderately lethal genes being transformed into E. coli BL21 (DE3)-PLysS which 
has protection against gene lethality, whereas E. coli BL21-CodonPlus® (DE3)-RIPL 
cells, which do not have any such protection, will not survive in the presence of lethal 
genes.  However, introducing both genes in the same plasmid generated extreme 
lethality that even E. coli BL21 (DE3)-PLysS could not combat.  This extreme lethality 
could stem from the fact that cloning two moderately lethal genes in the same plasmid 
simply increases their concentrations to a threshold level that is not tolerated by E. coli 
BL21 (DE3)-PLysS cells.  
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Figure 16: Ampicillin/chloramphenicol selective agar plates showing the results of 
the transformation of the recombinant MS-H2A/pST44 plasmid in E. coli BL21 
(DE3)-PLysS (panel A) and E. coli BL21-CodonPlus® (DE3)-RIPL cells (panel B).  
 
 
Gene Expression in E. coli BL21 (DE3)-PLysS Cells 
 The ultimate objective of this research project in our laboratory is to study 
protein-protein interactions between various archaeal histones in order to determine 
factors that affect quaternary structure formation.  That was the primary reason for 
using the polycistronic vector, pST44, to clone the PF-H1A and MS-H2A genes in the 
same vector system.  This would allow the co-expression of both genes 
simultaneously.  However, because we were unable to transform the double 
recombinant plasmid, PF-MS/pST44 in either of the BL21 strains, we decided to 
carryout gene expression of each histone gene separately.  This was carried out as 
described in the Materials and Methods.  The expression of both genes was examined 
on a 15% SDS-PAGE.  Shown in figure 17 are the results of this experiment where 
lanes 2-6 are the samples collected for the MS-H2A gene expression and lanes 7-10 are 
the samples collected for the PF-H1A expression.  Lanes 2 and 7 are samples collected 
prior to IPTG addition (pre-induction) from cells containing the MS-H2A/pST44 and 
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PF-H1A/pST44, respectively.  Lanes 3-6 are samples collected after 0.5, 1, 1.5 and 2 
hours post-addition of IPTG (post-induction) of the MS-H2A/pST44.  Similarly, lanes 
8-10 are samples of the PF-H1A/pST44 collected after 0.5, 1, and 2 hours of post-
induction.  Also included in this gel is a sample of a broad molecular weight range 
protein marker (10-225kDa) which is used to confirm the presence and to estimate the 
molecular weight of the PF-H1A and the MS-H2A recombinant proteins.  To confirm 
whether or not either or both genes have been expressed we compared the protein 
bands observed in lanes 2 and 7 to those found in the post-induction lanes of the 
corresponding cells.  Since samples used in those two lanes are pre-induction samples, 
all protein bands present are native to the BL21 (DE3)-PLysS cells E. coli cells.  Any 
additional protein bands that appear in the post-induction samples will most likely 
represent the recombinant proteins.  Comparison of lanes 2-6 reveals a protein band 
slightly below 10 kDa that is only present in the post-induction sample and appears to 
increase in intensity as a function of induction period.  It is most likely that this band 
represents the MS-H2A recombinant protein.  
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Figure 17: A 15% SDS-PAGE demonstrating the gene expression ofMS-
H2A/pST44 and PF-H1A/PST44 in BL21 (DE3)-PlysS E. coli cells.  Lane 1 shows 
the broad molecular weight range protein marker (10-225kDa).  Lane 2 is crude 
cell lysate taken from cells prior to IPTG induction of BL21 (DE3)-PLysS cells 
containing MS-H2A/pST44.  Lanes 3-6 are post-IPTG crude cell lysates of the 
cells containing MS-H2A/pST44 taken after 0.5, 1, 1.5 and 2 hours, respectively.  
Lane 7 is crude cell lysate taken from cells prior to IPTG induction of BL21 
(DE3)-PLysS cells containing PF-H1A/pST44, whereas lanes 8-10 are post-IPTG 
crude cell lysates of the cells containing PF-H1A/pST44 taken after 0.5, 1, and 2 
hours, respectively.   
 
 
Protein Purification:   
The recombinant MS-H2A and PF-H1A histones were purified from BL21 
(DE3)-PLysS cells containing the MS-H2A/pST44 and the PF-H1A/pST44, 
respectively.  The MS-H2A histone was purified on a CBP-resin, whereas the PF-H1A 
histone was purified on a HIS-bind resin according to the procedure described in the 
Materials and Methods.  Samples from the various elution fractions of both 
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preparations were analyzed on 15% SDS-PAGE.  The results of these gels are shown 
in figure 18.  Panel A of this figure shows the results of the purification of the MS-
H2A histone, whereas panel B shows the results obtained for the purification of the 
PF-H1A histone.  Lane 7 in panel A represents a sample of the IPTG-induced of the 
BL21 (DE3)-PLysS cells containing the MS-H2A/pST44 recombinant vector.  The 
band labeled with an arrow represents the MS-H2A protein which appears well below 
the 17 kDa molecular weight marker band found in lane 1.  Lane 2 in this gel 
represents the flow through solution obtained from packing a column with the CBP-
resin containing the recombinant MS-H2A protein.  Lanes 3 and 4 represent fractions 
obtained from washing the column with buffers containing reduced concentrations of 
CaCl2 in order to remove species with weak binding to the resin.  Lane 5 represents the 
fraction obtained from elution of the column with a buffer containing 2 mM EGTA 
that is used to dissociate the calmodulin binding peptide from the resin.  Lanes 2-4 
show a low molecular weight band that has the same size as MS-H2A found in lane 7.  
These bands most likely represent the MS-H2A protein.  The protein appears to elute 
in the absence of EGTA indicating that it did not bind to the CBP-resin.  This is 
corroborated by the fact that the fraction that corresponds to EGTA elution (lane 5) is 
devoid of this molecular weight band.   
The gel shown in Panel B of Figure 18 shows the results of the purification of 
the PF-H1A protein from His-bind resin.  Lane 1 of this gel represents the broad range 
protein molecular weight marker.  Lane 2 of this gel represents the fraction collected 
while packing the His-bind resin (flow through).  The low molecular weight band 
(between 10 and 15 kDa) represents the PF-H1A protein.  Lane 3 represents the 
47 
fraction collected while washing the His-bind resin with a buffer containing 60 mM 
immidazole, the concentration of imidazole used to remove proteins that bind to Ni
2+
 
very loosely.  While lane 4 represents the elution fraction collected by passing a buffer 
containing 0.5 mM immidazole, the concentration needed to elute His-tag proteins 
from Ni
2+
.  The presence of the PF-H1A band from lane 2 and its absence from lane 4 
clearly indicates that this protein did not bind Ni
2+
 even though it contains a His-tag.  
 
 
 
 
 
 
 
 
 
 
 
 
48 
 
Figure 18: 15% SDS-PAGE of affinity column purifications of the MS-H2A and 
the PF-H1A proteins.  Panel A represents fractions collected throughout the 
purification of the MS-H2A protein using CBP-resin.  Lane 1 of this panel 
represents the Color-Plus prestained protein marker broad range (7-175 kDa).  
Lane 2 of this panel represents the fraction collected while packing the resin in 
the column.  Lanes 3 and 4 are the fractions collected after applying the washing 
buffer.   Lane 5 is the fraction collected after applying the elution buffer.  Lane 7 
represents the post-IPTG crude cell lysate of the BL21 (DE3)-PLysS cells 
containing the MS-H2A/pST44 gene with the bold black arrow to the right of this 
lane pointing to the band that represents the MS-H2A histone.  Panel B 
represents fractions collected throughout the purification of the PF-H1A protein 
using His-bind resin.  Lane 1 of this panel represents the broad range protein 
molecular weight marker (10-225 kDa).  Lane 2 of this panel represents the 
fraction collected while packing the resin in the column.  Lane 3 represents the 
fraction collected after applying the washing buffer.  And lane 5 is the fractions 
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collected after applying the elution buffer.  The bold black arrow to the right of 
this lane is pointing to the band that represents the PF-H1A histone. 
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CHAPTER IV 
DISCUSSION 
 
 
Our primary objective was to test whether PF-H1A could form a heterodimer 
with MS-H2A if both proteins were expressed from a single cistron.  More 
specifically, since quaternary interactions might be coupled with translation, co-
expression of both proteins from the same RNA would be the best system to evaluate 
this question.  However, PF-H1A cloned into pST44 could not be propagated in E. coli 
strain BL21-CodonPlus® (DE3)-RIPL.  This also proved to be the case for the 
propagation of the MS-H2A gene in this strain.  Genes cloned into the E. coli BL21-
CodonPlus® (DE3)-RIPL strain are under the control of the LacI repressor, which 
blocks synthesis of the T7 RNA polymerase necessary for transcription of the T7 
promoters in our plasmids.  Since expression from the Lac promoter is somewhat leaky 
in the presence of the LacI repressor, it is not surprising that these two DNA binding 
histone proteins would be lethal.  
One might surmise that the expression of deleterious proteins in a strain that 
contains the rare codons for the amino acids arginine (R), isoleucine (I), proline (P), 
and leucine (L), which are typically lacking in E. coli, would have a synergistic effect 
with the presence of leaky LacI repressor.  To address this problem we transferred both 
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genes to E. coli BL21 (DE3)-PLysS, a strain that lacks the rare RIPL codons and non-
specifically inhibits leaky expression of the T7 RNA polymerase protein.  Under these 
conditions both genes could be established in the strain.  When each gene was placed 
in a separate pST44, we were able to transform the constructs in the E. coli BL21 
(DE3)-PLysS strain, but not in the E. coli BL21-CodonPlus® (DE3)-RIPL strain.  
However, when both genes were placed in the same polycistronic vector, pST44, cells 
could not be transformed with the construct even under conditions of LacI repression 
and inhibition of T7 RNA polymerase.  There are two hypotheses that can explain why 
we could not transform E. coli cells with constructs containing both genes.  The first 
hypothesis, which we term the additive effect, is that enhanced expression resulting 
from having two copies of a histone gene instead of one led to cell death.  The second 
hypothesis is that both proteins are forming a functionally distinct heterodimer that is 
much more lethal than the homo-dimers that form in cells when only one gene is 
present.  The latter hypothesis seems more logical since the expression of both genes 
under conditions of LacI repression and inhibition of T7 RNA polymerase is not 
expected to be significant.  This hypothesis is currently being tested in the following 
manner.  pST44 constructs containing either two copies of MS-H2A or two copies of 
PF-H1A will be generated and used to transform E. coli BL21 (DE3)-PLysS.  If these 
constructs are lethal then death probably results from the additive effect of multiple 
gene copies.  If not, then our hypothesis of the formation of a functionally distinct 
heterodimer gains credence and will be more deeply explored. 
Not only were we able to transform single gene constructs in E. coli BL21 
(DE3)-PLysS, but we were also able to express both MS-H2A and PF-H1A genes to 
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significant levels that increased with time (maximum amount of MS-H2A and PF-H1A 
histones were reached after 1.5 hrs, and 2 hrs, respectively).  However, when 
attempting to purify the proteins using their prospective affinity tags, neither histone 
was found to bind to the corresponding affinity resin.  The lack of binding can be 
attributed to the N-terminus amino acid sequence and the structures of archaeal 
histones.  We carried out sequence alignments of several euryarchaeal histones using 
Specialized BLAST search engine (29).  This search revealed highly conserved proline 
residues at amino acid positions 5 and 8.  NMR and crystal structures for 
Methanothermus fervidus histones MFH1 and MFH2 show that these prolines form 
intermolecular forces that result in what is termed the proline tetrad motif.  This motif 
has been found in many other protein structures and is crucial for the stabilization of 
protein-protein interactions.  An examination of available structures containing 
proline-proline tetrad motifs reveal that these structures form highly hydrophobic 
pockets that are being exploited in drug-discovery (30).  We believe that the affinity 
tags placed at the N-terminus of MS-H2A and PF-H1A are buried within this 
hydrophobic pocket making them inaccessible to the affinity resin used for protein 
purification.  This hypothesis can be corroborated by conducting the purification of 
protein under denaturing conditions where the proteins are completely unfolded which 
lead to exposing the N-terminus  of these proteins and the affinity tags attached to 
them to the solvent and hence the affinity binding resin.  We are currently in the 
process of carrying out this procedure.  We are also in the process of re-cloning the 
genes with the affinity tags added to the C-terminus which appears to be more solvent 
exposed. 
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LB (Luria-Bertani) (per liter): 10 g Bacto-Tryptone, 5 g Bacto-Yeast Extract, 5 g 
Sodium Chloride. 
50X Tri-accetate-EDTA (TAE)(per liter): 242 g Tris Base (MW=121.14 g/mol), 57.1 
mL 17.4 N glacial acetic acid, 100 ml 0.5 M EDTA (pH 8.0). 
1% agarose gel: 0.3 g of agarose dissolved in 30 mL of TAE buffer by microwaving 
solution in 30 second intervals. The gel is cast immediately. 
10X ligase buffer: 50 mMTris-HCl pH 7.5, 10 mM MgCl2, 10 mMdithiotheitol, 1 mM 
ATP, and 25 µg/mL bovine serum albumin. 
1X T4 DNA ligase buffer: 50 mMTris-HCl, 10 mMMgCl2, 1mM ATP, 10 mM DTT, pH 
7.5 at 25°C. 
SOB medium (per liter): 20g Bacto-Tryptone, 5g Bacto-Yeast Extract, 0.5g NaCl, 0.18 g 
KCl. Addition of 5 mL of sterilized 2M MgCl2 added before use. 
TFB buffer: 30mMKOAc,50mMMnCl2,100mMRbCl,10mM CaCl2,15% Glycerol. 
SOC medium (per liter): 20 g Bacto-trytone, 5 g Bacto-Yeast Extract, 0.18 g KCl, 0.5 g 
NaCl autoclaved and the addition of 5 mL of sterilized 1 M MgCl2 is added prior 
to use. 
2% agarose gel: 0.6 g of agarose dissolved in 30 mL of TAE buffer by microwaving 
solution in 30 second intervals. The gel is cast immediately. 
4X Loading Buffer per 10 mL: 2.0 mL 1 M Tris-HCl (pH 6.8), 0.8 g SDS, 4 mL 
glycerol, 0.4 mL β-mercaptoethanol, 1.0 mL 0.5 M EDTA, 8.0 mg bromophenol 
blue, 2.6 mL H2O. 
Coomassie Blue Stain (per 2L):  0.1 g Coomassie blue, 200 mL Methanol, and 200 mL 
Acetic acid. 
SDS-PAGE gel:  The 15% Acrylamide SDS-PAGE gels used for electrophoretic studies 
were prepared using both the EZ-Run Continuous Gel Kit (Fisher) and a 
discontinuous gel.   Using a gel apparatus, the resolving layer of the discontinuous 
gel is made with 9 mL distilled water, 5 mL of 4X Lower Tris, 14 mL of 30% 
acrylamide solution, 130 µL 10 vol% ammonium persulfate (APS), and 28 µL 
TEMED.  This is quickly poured into the apparatus, covered with water saturated 
butanol and allowed to fully polymerize.  After the bottom layer is polymerized, 
the butanol is discarded and chamber is rinsed with distilled water.  The upper 
stacking layer is made with 6 mL distilled water, 3 mL of 4X Upper Tris, 2 mL of 
30 % acrylamide solution, 40 µL 10 vol% ammonium persulfate (APS), and 20 
µL TEMED. This solution is used to fill the remaining volume in the chamber 
making sure that bubbles are not formed. This solution is then allowed to 
polymerize. 
Destain: 10 vol% Methanol and 10 vol% Acetic acid. 
Lysozyme: 10 mg/mL in 10 mMTris-HCl (pH 8.0) 
4X SDS-PAGE loading dye: 2.0 ml 1M Tris-HCl pH 6.8, 0.8 gSDS, 4.0 ml 100% 
glycerol, 0.4 ml 14.7 M β-mercaptoethanol, 1.0 ml 0.5 M EDTA, 8 mg 
bromophenol Blue  
 
 
For protein purification of PFU-H1A (His-bind Resin): 
8X Binding Buffer: 4 M NaCl, 160 mMTris, 40 mMImmidazole. 
1X Binding + Triton Buffer per 80 mL: 80 µL Triton and 10 mL 8X Binding Buffer. 
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8X Wash Buffer:  4 M NaCl, 160 mMTris, 480 mMImmidazole. 
8X Elute Buffer: 2 M NaCl, 160 mMTris, 4mMImmidazole. 
For protein purification of CBP tag-MS-H2A: 
CBP Binding buffer (per liter): 10 mMTris-HCl, 150 mMNaCl, 2 mM CaCl2. 
CBP Washing buffer 1: 50 mM Tri-HCl (pH 8.0), 150 mMNaCl, 2 mM CaCl2. 
CBP Washing buffer 2: 50 mM Tri-HCl (pH 8.0), 150 mMNaCl, 0.1 mM CaCl2. 
CBP Elution buffer: 50 mM Tri-HCl (pH 8.0), 150 mMNaCl, 2 mM EGTA. 
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